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Abstract

The objective of the proposed research uses high resolution
transmission electron microscope (HRTEM) to compare the nanostructures
and optical properties of single and double MOCVD-grown InGaN/GaN
heterostructures as well as the nanostructures of two InGaN/GaN
multi-layers of different structures.

The single and double heterostructures comprised of varying InGaN
thicknesses of 25, 50, 100, and. 200 nm: RSM and PL measurements
demonstrated the depth—depen&ent crystal quality and band gap due to the
effects of heterostructure—inducea gfraln and phase separation in these
samples. SEM results showed that as the strain started to relax the surface
roughness rose. HRTEM results of the DH samples showed formations of
indium droplets depicting a trend where the density of indium droplets
decreased as the InGaN thickness decreased.

The second part of this research compared the crystal quality of two
InGaN/GaN multi-layers of different structures. PL result implied a better
optical quality in the 8nm-6P sample (thinner InGaN thickness and thicker

GaN barrier) than in the 10nm-5P sample. HRTEM results showed that the

indium distribution was more uniform and the interfaces between the

v



InGaN wells and GaN barriers were clearer in the 8nm-6P sample than in
the 10nm-5P sample. The SSA calibrated average indium contents and
indium composition fluctuation, which gave us local information about the
two samples. We find that the 8nm-6P sample has a weaker indium
composition fluctuation than the 10nm-5P sample based on SSA results.

EDX demonstrated the same results as SSA.
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Chapter 1
Introduction

1.1 Applications of Nitride-Based Materials

III-V nitrides have many unique properties, such as wide direct bandgap,
high-thermal conductivity, and chemical stability. These properties have made III-V
nitrides attractive in recent years. III-nitride semiconductors have been considered for
light-emitting device applications inithe blue agd ultraviolet wavelength ranges because
they have a very broad band gap range _(Sfae F1g I.1.1)-1In fact, I1I-V nitride-based blue
and green light-emitting diodes (LEDs)%th an InGgN/GaN multiple—quantum-well
(MQW) active region are now cohimg:rcially avéilable [1]. These nitride-based blue and
green LEDs could be used in versatile applications, such as full-color displays,
full-color indicators, and traffic lights, etc. Another application of GaN-related
compounds is in fabricating blue laser diodes (LDs) for extremely high-density optical
storage systems. Because the storage density of optical compact discs (CDs) and digital
video discs (DVDs) is inversely proportional to the square of the laser wavelength, a
four- to eight-fold increase in capacity can be realized with short—-wavelength laser

diodes. As the wavelength of the light gets shorter, the focal diameter becomes smaller.

The storage density is predicted to go up from today’s 1 Gb to about 40 Gb per compact



disk when blue lasers are used.

There is great development potential for white leds in the field of lighting. Nichia
Corporation is the first company who used blue-LED chips with yellow phosphors to
make white LEDs. The common light sources today are light bulbs and fluorescent
tubes; however, they are high-energy consuming and short life time. The nitride-based
LEDs are more reliable and efficient than conventional light sources, therefore much

effort must be paid on generating white light with nitride-based LEDs.

1.2 III-Nitride Mater.ials‘Growth Issues
1.2.1 Crystal Structure of II:f-Nltrlde Semiconductors

Like most other semicon'(fhict.(;rs, the afoms in the nitrides are tetrahedrally
coordinated. The s and p orbitals in the outer electron shells combine to produce hybrid
Sp3 orbitals where the probability of finding an electron in a p-state is 3 times as much
as finding it in an s-state. As a result, each atomic site has four nearest neighbors
occupying the vertices of a regular tetrahedron, in a manner similar to the
diamond-cubic structure.

There are three common crystal structures in nitride semiconductors: the wurtzite
(Wz), the zincblende (ZB), and the rocksalt structures. At room-temperature, the wutzite

structure is the most stable. The space group for the wurtzite structure is P6 ,mc (Cy, )



as shown in Fig. 1.2.1(a). The wurtzite structure has a hexagonal unit cell consisting of
two interpenetrating Hexagonal Close Packed (HCP) sublattices, and two lattice
constants, ¢ and a. The parameters of the hexagonal wutzite structure GaN are a =
3.189A (Table.1.1). For the Wz structure, the stacking sequence of the (0001) plane is
ABABAB in the <0001> direction as shown in Fig. 1.2.1(b). The space group for the
zincblende structure is F 4 3m(T}) as shown in Fig. 1.2.2(a). The zincblende structure
has a cubic unit cell, containing four group-III elements and four nitrogen elements. The
lattice parameters of the zincblend structure GaN are.a = 4.52 A (Table.1.1). For the ZB
structure, the stacking sequence;of the__(l}l) Plgné is"ABCABC in the <111> direction

as shown in Fig. 1.2.2(b) [2]. These la,ttice*é?élré polar in nature, since the anions and the

cations occupy planes that are displaced.from Io'ng another along the <0001> and the

<111> directions for the hexagonal and cubic structures, respectively.

1.2.2 Substrate for Nitride Epitaxy

One of the major difficulties, which has hindered GaN research, is the lack of a
suitable substrate material that is lattice matched and thermally compatible with GaN.
There are several substrates such as ZnO, SiC, and sapphire for growing thin films of
GaN. ZnO has the wurtzite structure, and is mismatched by only 1.8% to GaN.

Unfortunately, ZnO crystals are not easy to make, and ZnO is not as thermally stable as



might be desired. Nevertheless, ZnO is important for MBE growth [3]. Another choice
of substrate i1s SiC because it also has a smaller lattice mismatch (3.3%) with GaN.
However, there are problems in using SiC. For example, the defect densities of the
grown samples both in bulk and surface structure are still quite high [4]. Also, the
p-type contacts and p-type dopant activation are still quite poor [5]. The high price is
another drawback of using SiC as substrate. Nowadays, sapphire is the most commonly
used substrate for epitaxy growth of nitrides. Sapphire (a-Al,O3;) has a hexagonal
structure that can be expressed bothias a hexagonal as well as a rhombohedral unit cell

as shown in Fig. 1.2.3. As a substrate, sapphire (0-Al,03) is inferior to others because of

e

the large lattice mismatch with nitrides (i}?é% with GaN and 25.4% with InN) and

significant thermal expansion diffefepicé. Despité'tkgoée disadvantages, sapphire remains
the most frequently used substrate for III-nitride epitaxial growth owing to its low cost,
its stability at high temperatures, its hexagonal symmetry, and a fairly mature
technology for nitride growth on it. The orientation order of GaN films grown on
principal sapphire planes: c(basal)-plane, a-plane (1150), and r-plane (1102) was
studied in great detail by Electron Cyclotron Resonance-MBE (ECR-MBE). The quality
of GaN films grown directly on sapphire was very poor before the advent of buffer
layers. AIN was first used as a buffer layer by Amano and Akasaki. Nakamura et al.,

grew a GaN buffer layer on a sapphire substrate for the first time. They lowered the



substrate temperature to between 450°C and 600°C to grow the buffer layer. Then, the

substrate temperature was elevated to above 1000°C to grow the GaN films [6].

1.2.3 Defects in Nitrides

GaN epitaxial layers are usually grown on sapphire substrates. However, GaN and
sapphire have poor matching in the lattice parameter and thermal expansion coefficient,
resulting in a high density of threading dislocations (TD) (10°* ~ 10" ¢m™). There are
three kinds of threading dislocations, edge, SCIEW, and mixed types. A dislocation is a
line defect that is defined by its Burgers Yf:ct(zr b a;ld line direction. The Burgers vector
b describes the lattice displacemen,tl fgt:. tBe dislocation within the crystal. The

_ R L
dislocation is an edge type if the'b an'd dislocatli(')q are perpendicular, as shown in Fig.
1.2.4, whereas it is a screw type if these vectors are parallel, as shown in Fig. 1.2.5. A
mixed dislocation has both an edge and a screw component (see Fig 1.2.6) [7]. A
threading dislocation usually terminates with a V-shaped defect on the sample surface. It
is well-known that such dislocations act as nonradiative centers in III-V and I[I-VI
semiconductors [8], [9]. Hino et al. discovered threading dislocations having a
screw-component burgers vector act as strong nonradiative centers in GaN epitaxial

layers, whereas edge dislocations, which are the majority, do not as nonradiative centers

[10]. It was believed that the density of V-shape defects would be reduced if GaN



epitaxial layers were grown on GaN free—standing substrates. Generally speaking,
increasing the quantum well numbers in MQW structures or increasing the indium
contents in the QWs enhances the formation of V-shaped defects. The formation of
V-shaped defect is for strain relaxation and the reduced Ga incorporation on
the {1011} planes, in comparison with the (0001) surface [11]. The V—shape defect
consists of three important features: (I) the initiation point at a threading dislocation
(TD), which is buried below the bottom of the open apex; (II) buried MQWs on
the {1011} planes, pyramid walls; and () ai-open hexagonal inverted pyramid as
shown in Fig. 1.2.7. Fig. 1.2.7(a) shqw§ th__e typical: cross-section TEM of V-shape
defects. Fig. 1.2.7(b) shows thg perspe;ct.i:'%j.'\.}.ie\.zv indi_cating the six sides of the open
hexagonal pyramid (defined by: the {I:OITI} planés)_: and non-crystallographic plane that
terminates the side-wall quantum wells; tl.len part (c¢) shows the cross-section view

indicating the open V (defined by the {1011} planes), the side-wall quantum wells, and

the inclined noncrystallographic plane that terminates the side-wall quantum wells [11].

1.3 Review on the Characteristics of InGaN/GaN
Structures

1.3.1 Strain Effect

During hetero-structure growth, strain is introduced near the interface because of



the lattice mismatch between sapphire and GaN or between GaN and InN. The epilayer
is thicker; the stored strain energy is larger. Beyond a certain thickness, known as the
critical thickness (t.), the strain energy is relaxed by forming misfit dislocations (see Fig.
1.3.1). A misfit dislocation forms at the interface between crystals of the same
orientation but different lattice parameter. The atoms at the interface adjust their
positions to give regions of good and bad registry [12]. If a. and a; are lattice constants
of an epilayer (thickness t) and the substrate, respectively, when a. > a5 and t < t., the
epilayer will experience a compressive stress _a,pd hence compressive strain is built (see

Fig. 1.3.2). In this situation, a misfi#'strain is built inithe epilayer, which is parallel to the

e

. . =1 . .
interface. Such a layer is called pseudo,morp%hlc strained layer. When a. < a,, the epilayer
is affected by a tensile stress and hence.tensile strain is produced. If t > t. the strain is

relaxed and misfit dislocation is produced.

1.3.2 Piezoelectric Fields
Perfectly lattice matched conditions between the well and the barrier materials are
implicitly assumed in the theory. Generally speaking, lattice constants in the lateral
plane of the well and of the barrier material are different and there exist strains in one or
both of the components. The nitrides are piezoelectric materials, so the heterostructures,

including GaN/AIN, AIN/GaN, and InGaN/GaN can induce static electric fields via



piezoelectric effect [13]. Takeuchi et al. demonstrated that the piezoelectric field can
induce the quantum-confined Stark effect and plays an important role in InGaN/GaN
quantum wells. Strain caused by lattice mismatch or different thermal expansion
coefficient between the substrate and the epitaxial layers lead to piezoelectric field. The
biaxial strains also lead to the piezoelectric field along the z direction in a wurtzite
structure. This field caused the electrons and the holes to move toward opposite
directions in the well. The overlap of the electron and hole wavefunctions is reduced;
thus, the quantum confinement energy. levels are different from those in the original

confinement potential. This reduction_is expected to. result in the decrease of the

recombination rate. In crystals with |a wurtzite structure, the piezoelectric tensor is

1
x

|
. i
written as:

where ¢;j are the piezoelectric constants. The piezoelectric polarization along the z-axis,

Ppg, arises as:

Ppe = e3seztesi(extey) (1.1)



Charge neutrality condition leads to the electric field along the Z-axis, F, , as:

F, =-Ppg /eyeo, (1.2)
where g,//1s the dielectric constant in vacuum and &, is the dielectric constant along the
z-axis. Bernardini et al. [14] have predicted that in addition to the high piezoelectric
polarization, the spontaneous polarization Pgp (polarization at zero strain) cannot be
ignored in group—IIl nitrides. Therefore, the total polarization is the sum of the
piezoelectric and spontaneous polarization as:

P =Pps + Psp (1.3)

Several research groups have‘reported the values of ejjas shown in Table 1.2. As

P
Sl

shown in Fig. 1.3.3, the macros;opic pﬁ)laﬁ%ﬁop n the_ material, comprising the active
region of the multiple quantum Wélls? ;gives rise I“[o_:‘:[hé net electric field perpendicular to
the plane of the well. This field, if strong enough, will induce a spatial separation of
electron and hole wavefunctions in the well. This phenomenon is also called quantum
confined Stark effect (QCSE). Hence, the wavefunction overlap decreases and the

interband recombination rate is reduced.

1.3.3 Spinodal Decomposition and Phase Separation

Spinodal decomposition is a transformation process in which there is no barrier to

nucleation. Consider a phase diagram with a miscibility gap (see Fig. 1.3.4). If an alloy



with composition X is treated at a high temperature T and then quenched to a lower
temperature T,, the composition will initially be the same everywhere and its free
energy will be Gy on the G curve. However, the alloy will immediately become unstable
because small fluctuations in composition that produce A-rich and B-rich regions will
cause the total free energy to decrease. Therefore, “up-hill” diffusion takes place until
the equilibrium compositions X1 and X2 are reached. The above process can occur for
any alloy composition where the free energy curve is concave in shape, i.e. d*G/dx*< 0.
Therefore, the alloy must lie between the two points of inflection on the free energy
curve.

Solid phase immiscibility and ph?s%elﬁa.ration in InGaN related to elastic strain
. 'S || Y

[15] have been deliberated by Stfri'ngfl‘e.llow [16I']'apd Karpov et al. [17]. According to
Stringfellow [16], the critical temperature .(TC), above which the InN-GaN system is
completely miscible is found to be near 1250 K. At a typical growth temperature of 800
°C, the solubility of InN in GaN is calculated to be less than 6%. Stringfellow and Chen
stressed that spinodal decomposition can occur in several situations including clustering,
phase separation, and ordering. The reaction that occurs is determined by the growth
kinetics. Both thermodynamic and kinetic factors play roles in determining the degree

of order for specific epitaxial growth parameters and on which planes the compositional

modulations occur. The thermodynamic driving force leads to a reduction of the

10



microscopic strain energy due to stretching and bending of the bonds. Certain ordered
alloys have lower energies than a disordered alloy. The formation of two separate,
incoherent phases will result in even lower energy configuration. However, this is
prevented in practice by the coherency strain energy inherent in the initial stages of
phase separation. The kinetic effect plays an important role in growth parameters such
as the growth temperature, growth rate and substrate orientation. Behbehani et al. [18]
reported on the existence of simultaneous phase separation and ordering of InyGa; <N
samples with x > 0.25. Karpov,_et al. [17]._ used. the Valence Force Field (VFF)

approximation for the analysis of lattice distortion and determination of the interaction

= il
—

o
o

energy of GaN and InN in InGaN ternary O;m ounds

1.4 Research Motivation and Research Problems

The (Al, Ga, In)N material system has been extensively investigated due to their
potential applications in light-emitting diodes (LEDs), laser diodes, and photodetectors.
[19] In recent years, InGaN alloys emerge as a new solar cell material system due to
their characteristics of high absorption, broad spectral coverage, and radiation hardness.
InGaN is particularly useful for converting sunlight in the visible range into electrical
power. For this purpose, the growth of high-quality InGaN thin films with indium

content higher than 20 % becomes important [20]. However, because of the large lattice

11



mismatch (11 %) between GaN and InN, phase separation occurs when the InGaN
thickness is larger than its critical thickness, which is smaller than 60 nm for indium
content higher than 20% [21]. Within the critical thickness, under the
heterostructure-induced strain, indium incorporation is relatively lower leading to
lower-indium growth. Beyond the critical thickness, relaxed strain leads to more
significant indium incorporation. Although an InGaN thin film has been widely grown,
its indium composition distribution and hence band gap distribution are not well
understood yet. In particular, the possible inc_i.ium droplet formed in phase separation
when a p-type GaN cap layer of high_—tsmpﬁer_gtuxre egtowth is added to form a p-i-n

structure has not been well studied. ' fi '

In this research, we prés'entI ‘our meaéu;ement results of cross sectional
transmission electron microscopy (TEM), scanning electron microscopy (SEM), energy
dispersive X-ray spectrum (EDX), X-ray diffraction (XRD), and photoluminescence

(PL) on InGaN/GaN single-heterostructures (SH) and double-heterostructures (DH)

with various InGaN thicknesses.

12
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Fig. 1.2.1(a) Hexagopal@ii’rfzite structure of GaN.
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Fig. 1.2.1(b) Crystalline layer sequences of hexagonal Wurtzite structure.
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Fig. 1.2.2(a) Cubic _Ziri{ﬁiénde structure of GaN.
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Fig. 1.2.2(b) Crystalline layer sequences of cubic Zincblende structure.
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Fig. 1.2.7(b) Perspective view and (c) cross-section view of V-shaped

defects.
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Fig. 1.3.4 A phase diagram with a miscibility gap.
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Table 1.1 The basic parameters of InN, GaN, and AIN wurtzite structures.

Parameter Units GaN AIN InN
Lattice constant, ¢ A 5.186 4.982 5.693
Lattice constant, a A 3.189 3.112 3.533
Bandgap energy, E, eV 3.39 6.2 0.76
Effective electron mass, m m 0.1(1 | 0.33C1) - 0.11cll)
T ° 0.17(L) | 025(L) | 0.10(L)
Effective heavy hole mass, m m, L76C[1) | 3.53C1) | 1.56C11)
y > Hihh ° | 161(1) | 1042(1) | 1.68(1)
Effective light hole mass, m o, 8 el | 3:531D ) Lse(lD
g > TR Mo 0:14() | 0.24(1) | 0.11(1)
Piezoelectric constant, €31 ;' ;-€Jlm2 s -0.33 -0.48 -0.57
Piezoelectric constant, €33 C/""Z,: ] L0165 1.55 0.97
Spontaneous polarization, P _! |C/m2 || €0.029 -0.081 -0.032
Radiative recombination coefficient '[ lem’/s :, 4}.7)(10‘11 1.8x10™"" | 5.2x10™"
Refractive index at 555nm | w244 2.1 2.8
Absorption coefficient at the photon
P P 10%¢m™! 1 3 0.4

Energy hv ~E,
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Table 1.2 Piezoelectric constants and spontaneous polarization

for III-nitrides.

/B Wz

Reference eu p €33 €31 eis
BN
Shimada et al. (1998) Calc -0.64 - -0.85 0.27 -
AIN
Tsubouchi and Mikpshiba (1985) Exp. - - 1.55 -0.58 -
Davydov and Tikhonov (1996) Clac  0.67 - - - -
Bernardini et al. (1997) Clac - -0.081 1.46 -0.60
Shimada et al. (1998) Clac  0.59 - 1.29 -0.38 -
GaN
O’clock and Duffy (1973) Exp. 0.6 - - - -
Bykhovski et al. (1996) Exp. 0.375 - 0.43 -0.22  -0.22
Davydov and Tikhonov(1996) Clac 0.68 - - - -
Bernardini et al. (1997) Clac - -0.029 0.73 -0.49
Shimada et al. (1998) Clac 0.50 - 0.63 -0.32
InN
Bernardini et al. (1997) Clac - -0.032 0.97 -0.57
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Chapter 2
Analysis Method

This chapter will describe the methods used to analyze our samples including
materials and optical analysis methods. High resolution transmission electron
microscopy (HRTEM), strain state analysis (SSA), energy dispersive X-ray spectrum
(EDX), x-ray diffraction (XRD), and scanning electron microscopy (SEM) are used to
analyze material properties. Photoluminescence (PL) is used to analyze the optical
properties.

2.1 Specimen Prep_arati,o%b’f Cross-section TEM

The objective of TEM saﬁiplg:éreparatibn_: is to create an electron transparent
region containing the features of interest without contamination and artifacts. There are
many different methods to make TEM specimen. Among them, only three types of
techniques are commonly used, including the dimpling and ion milling technique, the
focused ion beam technique, and the wedge technique. The dimpling technique works
well for the blanket films, large features, and repeated patterns. However, it provides
smaller thin areas and is difficult to target to a special feature. The focused ion beam

technique offers a reliable method to make high precision cross-sections of the specific

area. However, this method provides a very limited area of view and is easy to introduce
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damages. The wedge technique provides highest flexibility over other techniques. It can
be used to make plan view, regular cross-section specimen and precision cross-section
specimens. We can thin the sample down to less than 1 pum by pure mechanical
polishing. More importantly, the electron transparent area can be as large as millimeters.
We will explain the details about this technique since all TEM specimens used for this
research are made by the wedge technique. Several steps are as follows:
1. The first step is to have the wafer sectioned into rectangular slabs that are at least 3
mm in width and about 10 mmtin length; as shown in Fig. 2.1.1(a). To do this, a

diamond wafering saw or azdiamond pen can berused. The former method yields

= %

equal-sized pieces, which are easier to ﬁ;nale Hewever, it is more time consuming.
. 'S || Y

2. Next, we need to thoroughli élgeilﬁ and de;gfqase the slabs. This is best done by
ultrasonically scrubbing them in acetone and then in Freon. A cotton swab may be
used to gently remove any persistent surface contaminants. The required number of
sample slabs depends on their thickness. Generally speaking, we need two pieces of
sample slabs and two pieces of silicon.

3. We choose Gl-epoxy to glue the slabs as shown in Fig. 2.1.1(b). There are three
main advantages of this glue that make it particularly suitable for this application: it
is very strong; it is very thin when properly applied (~2000 A), and it can be ion

milled at about the same rate as silicon. Furthermore, it is impervious to the attack
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of any solvent once it is set. The main drawback is that it needs to be thermoset
under pressure. To accomplish this step, a small vise is used that can be heated on a
hotplate (see Fig. 2.1.2). The two pieces of sample slabs having the thin films or
interfaces of interest must be in the center and the polished faces of these two pieces
thus face each other. Then, the sample is mounted onto the polisher, as shown in Fig.
2.1.1(c).
. After specimen mounting, the polisher is placed on lapping films and the specimens
are wet polished using progressively finer _grit diamond lapping films (30, 9, 6, 3, 1,
0.5 and 0.1 pm, respectively) for _(;_oaxlrse ._pqlisiling._The thickness of the specimen
are less than 1.5 mm after the first Isié%éﬁshing. The specimen will easily fall off
_ BN L
from the polisher during the' éecf'ci)r.ld side II)(')I_i;shing. The wedge angle was set at
about 0.4°. It is very important to remove any contamination or particles from the
mounting surface.
The polished surface is attached to the polisher using a small amount of super glue.
Sufficient super glue is used to surround the edges of the specimen to provide
certain mechanical stability during processing and to protect the specimen from the
risk of film delamination.

. After curing the super glue, the specimens are wet polished to the desired thickness

using the same diamond lapping films in the same order as described in the first side
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polishing. The specimen is checked frequently to ensure that it is polished
sufficiently thin during the last four polishing steps (3, 1, 0.5 and 0.1 pum). It is
difficult to determine whether the specimen is sufficiently polished since the
GaN/sapphire specimen is transparent. Consequently, the specimen is checked by
observing the color of silicon in transmission using an optical microscope.

. After polishing, the specimen is removed from the polisher by soaking in acetone
and mounted onto a 2x1 mm slotted TEM grid using epoxy as shown in Fig.
2.1.1(d).

Then, we can have the specimen'be milled by argen:ion gas for several minutes (see

Fig. 2.1.1(e). | :,:
2.2 Material Analysis
2.2.1 High-resolution Transmission Electron Microscopy

(HRTEM)

Transmission electron microscopy (TEM) is probably the most important and

widely used characterization tool to study the nano-structrual characteristics of materials.

The basic reason for utilizing the electron microscopy is its superior resolution,

resulting from very small wavelengths as compared to other forms of radiation (light,

X-rays, neutrons). The resolution is given by the Rayleigh formula, which is derived by
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considering the maximum angle of electron scattering, o, which can pass through the
objective lens. This formula is

R=0.61\/a (2.1)
Where R is the size of the resolved object, A is the wavelength, and a is identical to the
effective aperture of the objective lens. Equation (2.1) is the classic Rayleigh criterion
for resolution in light optics.

A cutaway diagram of the TEM is shown in Fig. 2.2.1. In a conventional TEM, a
thin specimen is irradiated with an electron._ beam of uniform current density; the
electron energy is in the range 60,150 _keflV (}Js_ualxly around 100 keV) or 200 keV-300
MeV in the case of intermediate or llllgﬁ%dtage electron microscopy. Electrons are
emitted in the electron gun by tHérrpiiénic emislsiop from tungsten hairpin cathodes or
LaBg rods or by field emission from pointed tungsten filaments. The letter is used when
high gun brightness is needed. A two-stage condenser-lens system permits variation of
the illumination aperture and the area of the specimen illuminated. The electron
intensity distribution behind the specimen is imaged with a three- or four-stage lens
system, onto a fluorescent screen. The image can be recorded by direct exposure of a
photographic emulsion inside the vacuum or digitally by CCD or TV cameras.

Figure 2.2.2 illustrates the principal results of electron scattering by a sample and,

as a result, the principal sources of information that can be obtained. The operating
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modes are as follows: transmission electron microscopy (TEM), scanning electron
microscopy (SEM), scanning transmission electron microscopy (STEM), and
microanalysis (by X-ray and/or energy loss analysis or Auger analysis of surfaces).

The imaging system of a TEM consists of at least three lenses (Fig. 2.2.3): the
objective lens, the intermediate lens and the projector lens. The intermediate lens can
magnify the first intermediate image, which is formed just in front of this lens (Fig.
2.2.3(a)). An image is made with only those electrons that have been diffracted by a
specific angle by positioning an objective apgﬂre at a specific location in the back

focal plane. This defines two imaging modes.

e When the objective aperture 18 posjtio@‘fo pass only the transmitted (undiffracted)

1

electrons, a bright-field (BF) i'ihagtia .is formecli.' A
e When the objective aperture is positioned to pass only some diffracted electrons, a
dark-field (DF) image is formed. (The particular diffraction should be specified.)
The intermediate lens can also magnify the first diffraction pattern, which is formed in
the focal plane of the objective lens (Fig. 2.2.3(b)). In many microscopes, an additional
diffraction lens is inserted between the objective and intermediate lenses to image the
diffraction pattern and to enable the magnification to be varied in the range 107 to 10°.
The transmission electron microscopes used in this study are JEOL 100CX II and

Philips Tecnai F30 field-emission electron microscope. The JEOL 100CX II is equipped
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with a tungsten electron source and operates at 100kV accelerating voltage. The
magnification range is from 500x to 300,000x and the lattice resolution is 0.2 nm (point
resolution 0.45nm). The Philips Tecnai F30 field-emission electron microscope is
equipped with a field emission gun (FEG) and operates at 300kV accelerating voltage.
The magnification range is from 60x to 1,000,000x and the lattice resolution is 0.10nm
(point resolution 0.20nm).

Bright-field and dark-field techniques cannot be used to form high resolution
TEM images of columns of atoms in Fig. 2._2_.4. The diffracted wave, in this case an
electron wavefunction, is the Fourier _tra?sfo:ym o% the scattering factor distribution in
the material, p(r). The shape of p(x) trﬁlci(%%é.atom distribution in the material. High

_ BN L
resolution images are best undérétqci)d in ternl‘l's of Fourier transforms. We use the
notation, F(p(r)), to represent the Fourier transform of the distribution of atoms in the
specimen, p(r):
F(p(1) =—=["pne ™ d’r 22)
\/ﬂ oo

The Fourier transform is a function of Ak, a diffraction vector. With dimensions of
inverse length, the vector Ak can account for periodicities in the specimen. Recall that a
smooth function, p(r), which has a large extent in r, has a Fourier transform that is

nonzero only for small values of Ak. On the other hand, a function p(r) that has short

periodicities has a Fourier transform containing some large Ak vectors. Fig. 2.2.5 shows
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how Fourier transforms of the diffracted electron waves correspond to the specimen, the
back focal plane of the objective lens, and the image plane. An objective aperture in the
back focal plane of the objective lens will truncate the Fourier transform of the
specimen. An image formed with a small range of k-vectors can include only long-range
spatial features. For an objective aperture that selects a range, ok, the smallest spatial
features in the image are approximately /\x, where:
/A\x=27/5k (2.3)

To resolve atomic periodicities, we need an aperture that incorporates a range, ok =2n/d,

where d is the atomic separation. This, however, is the typical separation of the first

A

diffraction spot from the transmitted b z;mﬁ A much smaller aperture is used in
bright-field and dark-field imaging to collect electrons that have all beam diffracted by
the same angle. The consequent truncation in k-space means that the conventional
bright-field and dark-field modes of TEM imaging cannot produce high resolution
images. In fact, making a high resolution image requires that we use an objective
aperture large enough to include both the transmitted beam and at least one diffracted
beam. The transmitted (“forward-scattered”) beam is required to provide a reference

phase of the electron wavefront. High resolution images are in fact interference patterns

formed from the phase relationships of diffracted beams.
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2.2.2 Energy Dispersive X-ray Spectrum (EDX)

Sample composition was examined by EDX. Fig. 2.2.6 shows the interaction of a
beam electron with an inner-shell resulting in an excited state with a vacancy in the
electron shell. An electron transition will come up from an outer shell to fill this vacancy.
The transition involves a change in energy, and the energy releases from the atom.
While the energy of the emitted x-ray is related to the difference in energy between the
levels of the atom, it can be ascribed as a characteristic x-ray. As in the TEM
measurements, we can determine. the composition of our samples according to the
detected x-ray.

An EDX system is in Flg 2.2.7_.!?”1."%5&)m.puter _controls three parts to carry out
any data processing. First, it contfdls.\;zv.hether tﬁe dptéctor is on or off. Ideally, we want
to process one incoming x-ray at a time, so the detector is switched off while an x-ray
signal is detected. Second, the computer governs the processing electronics, setting the
time required to analyze the x-ray signal and assigning the signal to the correct channel
in the display screen. Third, the computer software manages both the calibration of the

spectrum readout on the screen and all the alpha-numeric, which tells us the conditions

under which the spectrum was acquired.
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2.2.3 Strain-state Analysis (SSA)

Composition fluctuations in InGaN were recognized a number of years ago to
significantly determine the properties of devices fabricated on the basis of InGaN/GaN
heterostructures. It is therefore of considerable interest to study quantitatively the In
distribution of InGaN and the spatial dimension of compositional fluctuations. For this
reason, a strain-state analysis (SSA) technique has been developed, which was used to
evaluate the composition of InGaN.

Strain-state analysis (SSA) isa techniqu_e_ based on HRTEM lattice fringe images.

Lattice fringe images are taken under two-beam conditions by only exciting the (0000)

P
Sl

and (0002) beams, which is possible w_i‘![h 5' :rlmmrnum nl_lmber of other excited beams by
tilting the sample about 5° out of'fthe.[:1.-100]-zolne_:gx.is along the [11-20] direction. The
images are taken with an objective aperture containing the transmitted and the (0002)
beams. Instead of using a zone-axis HRTEM image, where typically at least nine beams
are used to form an image along the [11-20]- or [1-100]-zone axes, two-beam conditions
simplify considerably the image formation process. The interference of only two beams
leads to a fringe image. The apparent loss of resolution along the (0002) fringes
compared to a conventional zone-axis image does not present a problem because only
the distances between the (0002) fringes need to be measured. This can be achieved by

carrying out closely spaced line scans.
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An example for a lattice fringe image is displayed in Fig. 2.2.8(a) where a thin
InGaN QW is embedded in GaN. The distances between the (0002) planes dgo, are
measured by detecting the intensity maximum positions of the bright fringes by line
scans along the [0001] direction (white lines in Fig. 2.2.8(b)).

The composition evaluation is based on a rather simple principle by assuming that
the lattice parameter of a ternary compound, e.g. InGaN with a lattice parameter dj,gan,
is linearly dependent on the In concentration xj,.

Vegard’s law: dinGan = dan + Xim(dimn-dgan) (2.4)
InGaN is a system that is well suitc;d for Sompqsit%on analysis on the basis of Eq. (2.4)

because the lattice parameter mismat,cﬁ B'g%t-'vs;een InN and GaN is 10%. The local In

concentration is deduced from Végard’s law by Eq (2.5) taking into account the strain

state of the InGaN layer,
1 1
X, =———(d, -1 2.5
In fo_c 1+ K ( n ) ( )
foo = 9 =Gean _ g g
GaN
6,=%
" d

The values for dgany and din are dgay = 0.5186nm and di,n=0.5693nm. A reference

(0002) distance d, can be measured in an area of known lattice parameter, e.g. in the

relaxed GaN buffer layer. The unknown (0002)-plane distances d; in the InGaN are

normalized with d, yielding d,=d;/d;. The factor K results from the tetragonal distortion
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of the InGaN lattice in strained layers. Two cases for the tetragonal distortion have to be

distinguished for TEM cross-section samples whose thickness for HRTEM imaging can

be as low as a few nanometers. A complete tetragonal distortion occurs for thick

samples (“thick foil approximation”). In contrast, the tetragonal distortion can be

completely relaxed along the electron beam direction for very thin samples (“thin foil

approximation”). The factors K, which depend on the elastic constants c; and on the

surface normal of the cross-section sample (in this case close to the [1-100] direction)

are given by Egs. (2.6) and (2.7),

K _ 21_3 ~ . (2.6)
33 # .-‘.’\. --.' .\'.
=
Kthin :&(I_MJ | | "E; { .
Cyy C,,Cy; —C} ! | 12 . | flel (27)

The values K™*=0.55+0.0667 and K™*=0:1 9:50.(;35 are almost independent of the In
concentration [1]. Figure 2.2.9 shows the influence of the relaxation state on the
normalized lattice parameters d,, i.e. the ratio between the InGaN and the GaN c-lattice
parameters, plotted as a function of the In concentration.

In conclusion, we can use SSA technique to analyze InGaN/GaN (0002) lattice
fringe image to get the distances between the (0002) planes dgoo2. Then, we consider the
sample thickness and the elastic relaxation. Finally, we can get In composition of InGaN

QW. For a more detailed procedure for SSA, see Ref. [2] [3].
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2.2.4 X-Ray Diffraction (XRD)
X-ray diffraction is a nondestructive technique for determining structural defects.
In a diffraction experiment, the incident waves must have wavelengths comparable to
the spacing between atoms. Consider a perfect crystal arranged to diffraction
monochromatic X-rays of wavelength A from lattice planes spaced d and the X-rays are
incident on the sample at an angle 6 (see Fig. 2.2.10). The primary beam is absorbed by
or transmitted through the sample and only the diffracted beam can be detected by the

detector. The diffracted beam emerges at twice-the Bragg angle 0 defined by

2«
0 — 'n—l -~ ¥ 1 28
6= (Zd ) vt f (28)

[ =
—
" -

Eq. (2.8) no longer applies simliltfaneg'usly to the perfect and the distorted regions

if the lattice spacing or lattice plane otiefitation Var.'}; locally due to structural defect.

In a diffraction experiment, we use a known A and a measurement 0 to obtain
values of d/n for the sample. The slow rotation of the sample about its axis virtually
ensures. The X-ray diffraction experimental setup is shown in Fig. 2.2.11. In this
experiment, XRD measurements are carried out using Cu Ky; (0.1542 nm) radiation,
monochromated by the (111) reflection of a Ge single crystal. The sample and the X-ray
detector are separated by 770 nm to eliminate any parasitic scattering of photons. The

coherence length and strain are measured by the traditional 20-6 scan.
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As for the 0-rocking scan (see Fig. 2.2.12), the X-ray beam intensity scattered
from the sample is recorded while the sample is scanned through a reciprocal lattice
point (rotation around a Bragg angle). The experimental rocking curves show several
features that are related to the particular structural properties of the sample. One can
characterize the strain fields completely and determine all the strain tensor elements of
the distorted unit cell of the material by recording rocking curves in the vicinity of
different reciprocal lattice points. Measurements carried out in symmetrical diffraction
geometry monitor the strain fieldsialong the ._growth direction, while rocking curves
recorded in asymmetrical diffraction ggot?letlzy arc also. sensitive to the in-plane strain.
Using the result of 0-rocking scgn, we,clanf’%gw .the dis_‘Fribution of crystal direction and

the scattered degree in the material.

2.2.5 Scanning Electron Microscopy (SEM)

Scanning electron microscope (SEM) techniques provide measurements with a
micron scale resolution. Therefore, we can determine defect microstructures, threading
dislocations, plane-view, cross-section images and local values of physical properties.
The term micro-characterization has come into use to emphasize this dual characteristic
of SEM. SEM is powerful and versatile because (a) it has six modes of operation, which

provide information about many different groups of properties of solid objects and (b)
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the information is obtained essentially as electrical signals suitable for electronic data
processing to provide quantitative values of many different properties as well as for
presentation in various types of micrographs. The SEM is composed of two sub-systems,

shown in Fig. 2.2.13.

2.3 Optical Analysis - Photoluminescence (PL)

Photoluminescence (PL) measurement is a very powerful tool in the assessment
of optical properties of semiconductors, because ‘of its sensitivity, convenience, and
non-destructive process. It provides a_direct way“to-detect and identify energy-state

e

distribution in materials.

A laser beam of an appropr'fiélte. {)v.avelengtlh e_:xc.ites the electrons from the valence
band to the conduction band and creates clectron-hole pairs. When the electron-hole
pairs recombine, the energy is released. There are two forms of released energy
including nonradiative recombination and radiative recombination. Only radiative
recombination can be detected. In our study, we performed temperature-dependent PL
measurements to investigate the recombination mechanisms, which originates from
spinodal decomposition and indium aggregated structures in InGaN well regions.

The standard PL experimental set up is shown in Fig. 2.3.1. The 325 nm-line of a

35 mW He-Cd laser is used for excitation. The samples to be measured were placed in a
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cryostat for constant-temperature measurements at 300 K. PL photons from samples

were collected with a lens and guided into a monochrometor through a fiber bundle. The

PL signals were monitored with a lock-in amplifier.
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Fig. 2.1.1 Flow path of sample preparation.
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Fig. 2.1.2 Schematic drawing of the small vise.
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Fig. 2.2.1 A cutaway diagram of the transmission electron microscopy.
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Fig. 2.2.2 Signal generated when a high-energy beam of electrons

interacts with a thin specimen. Most of these signals can be
detected in different types of TEM. The directions shown for
each signal do not always represent the physical direction of the
signal but indicate, in a relative manner, where the signal is

strongest or where it is detected.
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Fig. 2.2.7 Schematic process for the energy dispersive X-ray spectrum
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Fig. 2.2.8(a) (0002) lattice fringe image of a GaN/InGaN/GaN QW.
structure;
(b) Line scans are used to determine the intensity maximum
positions of the fringes. The size of an image unit cell is

indicated by the black rectangle.
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Fig. 2.2.9 Influence of the relaxation state on the normalized lattice
parameters d, plotted as a function of the In concentration.
Biaxial strain state for a “thick” sample (solid line) and

monoaxial strain state for a “thin” sample (dashed line).
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Fig. 2.2.10 Tllustration of'the Bragg condition.

'

i*‘:"
|| "[

. =

detector

X-ray source /
T /
@‘\ l i'::ndenl .51"
T b
| angle
\
) ;
S vl
\\\ P
"‘\‘_ o

Fig. 2.2.11 X-ray diffraction setup (20-9).
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Fig. 2.2.12 8-rocking setup.
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Fig. 2.2.13 SEM system, consisting of an electron optical column and a
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Fig. 2.3.1 The experiment setup for PL. measurement.
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Chapter 3
InGaN/GaN Single-heterostructures
(SH) and Double-heterostructures
(DH) With Various InGaN
Thicknesses

In this chapter, we will compare the nanostructures and optical properties of two
series of sample including single-heterostructures (SH) and double-heterostructures
(DH) with various InGaN thicknesses of 25,.50, 100, and 200 nm. All samples were

grown under the same growth conditions with an additional GaN caplayer grown at high

=

temperature for the DH samples.

3.1 Sample Growth and Measurement Conditions

All samples were grown by metalorganic chemical vapor deposition (MOCVD).
The InGaN/GaN SH samples were prepared in the following manner. First, a 2~3 ym
undoped-GaN layer was grown on (0001) c-plane sapphire substrate at 1080 °C. Then,
an InGaN layer was grown at a growth temperature of 700 °C. Various InGaN layer
thicknesses were implemented at 25, 50, 100, and 200 nm. The DH samples were grown
under the same conditions as those of the SH samples with an additional final GaN layer

of 120 nm thickness grown at 920 °C. The detailed structures of these two series sample

55



are shown in Figs. 3.1.1.

X-ray diffraction (XRD) was used to measure reciprocal space mapping (RSM) in
order to understand the strain condition in a sample. Indium content distribution can be
calibrated based on the strain information. Omega-2theta (@ -2 € ) scans were
performed to understand the composition in a sample. Indium droplets can be detected
based on the corresponding peak position in the @-26 diagram. Scanning electron
microscope (SEM) measurements were performed to compare the roughness of the SH
and DH samples of different thicknesses. Ener_gy dispersive X-ray spectrum (EDX) was

measured to obtain the elemental”distribution 1y a-sample. The calibrated indium

contents were confirmed by photolumine’éfgéﬁce (PE) measurements by exciting from
the top and bottom sides of the samples Transmission electron microscopy (TEM)
measurements were then performed to observe the indium droplets within the InGaN

films of the DH samples.

3.2 Strain Conditions of SH and DH Samples

An example of RSM results is shown in Fig. 3.2.1. Figure 3.2.1(a) shows the
RSM plot of an SH sample with the InGaN layer thickness at 200 nm and growth
temperature of 700 °C. The bright spot at the upper-left corner represents GaN in the

sample. A spot directly below the GaN spot is a fully strained material. A deviation from
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the perpendicular demonstrates the amount of strain or relaxation in the material. The
horizontally extended spot in the lower half portion stands for InGaN of a certain strain
and indium distribution. A point (labeled by S) corresponds to a fully strained InGaN
composition. A second point (labeled by R) corresponds to a fully relaxed InGaN
composition. The trace from point S to R corresponds to the growth process of the
InGaN layer from the fully strained condition (within the critical thickness) to a fully
relaxed condition. In the early growth stage during the strained condition, the indium
incorporation is low such that only 19.% i_n_dium composition is achieved. Indium
content is increased to 27 % as; strain 1s grgtd__ualiy relaxed. The RSM plot of a DH
sample corresponding to the strgcture_z!i’n%;éwt.h condition of the sample is shown in
Fig. 3.2.1(b). Here, one can see that a.liﬁost the v&hqle IInGaN layer is fully strained. This

is so because the InGaN layer is compressively strained by GaN from its top and

bottom.

3.3 InGaN/GaN Single-heterostrutuctures
3.3.1 XRD and HRTEM Results

Figure 3.3.1 shows XRD (@ -2 6 scans) of SH samples with different
thicknesses, including 25, 50, 100, and 200 nm. Here, only the GaN and InGaN peaks

are seen (labeled in Fig. 3.3.1). No phase separation is seen near the InGaN peak.
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HRTEM images of the four SH samples are shown in Fig. 3.3.2. Here, we can see the
general structures of the four samples. Figure 3.3.2(a) shows the cross-section HRTEM
image of SH 25nm. The arrow indicates the direction of (0001) from the substrate. The
G1 glue and InGaN thin film can be seen. The different atomic masses, indium (49) is
higher than that of gallium (31), causing the contrast in an HRTEM image. The heavier
atom results in a darker color in an image. Figures 3.3.2(b), (c), and (d) show the
cross-section HRTEM images of samples SH 50, 100, and 200 nm, respectively. Then,
we compare the roughness of the above-ment_ipned four SH samples. We find that the
InGaN layer roughness increases;with an incr?a_se (;f InGaN thickness. SEM results will

show clearer evidence. ,
|

il
I —

3.3.2 SEM Results

SEM studies were performed to more clearly demonstrate the surface roughness
of these four SH samples of different thicknesses. The plane-view SEM images of
samples SH 25, 50, 100, and 200 nm are shown in Figs. 3.3.3(a), (b), (¢), and (d),
respectively. We can observe the surface roughness on the plane-view SEM image. They
are quite different. The 200nm sample clearly shows valleys and peaks over the surface.
The images show that the surface becomes smoother as the sample thickness decreases.

As we discussed in section 3.2, RSM plot (Fig. 3.2.1 (a)) of sample SH 200 nm showed
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the growth process of an InGaN layer from a fully strained condition (within the critical
thickness) to a fully relaxed condition. So, when the strain starts to relax, surface
roughness will rise. We have directly confirmed that when the thickness of InGaN layer

increases, the roughness also rises.

3.3.3 PL Measurements and EDX Results
PL measurements were excited from the top (the film side) and bottom (the
polished backside) of the samples from. 10 thrpugh 210 K, as shown in Figs. 3.3.4(a)
and (b). Figure 3.3.4(a) and (b) show the I?L rPe_‘asﬁreme_nt results of the most upper and

\

lower portions of the InGaN layers, relsp;“c’;_i{/;é.ly, because the penetration depth of the
- | '3 || Yo

excitation UV laser (390 nm) in IilG'c‘.lILI. is only allr'oynd 100 nm. From Figs. 3.3.4(a) and
(b), one can see that the upper (lower) InéaN layer mainly emits green (blue) light
around 520 (460) nm even though a small shoulder can be seen in the blue (green) range.
These PL measurements are consistent with the RSM results above, i.e., the upper
(lower) InGaN layer has higher (lower) indium content.

EDX was used to estimate indium content for matching the above PL
measurements. Here, we can only obtain the relative indium content because of the

uncertain incident angle of the electron beam. Figure 3.3.5(a) shows the direction (red

arrow) of the eight points measured by EDX in SH 200 nm. The white arrow indicates
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the direction of (0001) from the substrate. Then, the data at the eight points were used to
draw a diagram for the relative indium content versus points (as shown in Fig. 3.3.5(b)).
Here, we find that indium content increases with height. However, the indium contents
of the last three points decrease. This result might be due to indium escape under the
thermal treatment of the SH samples after growth. The thermal treatment of SH samples
means that right after closing the MO sources, the samples are still in an environment of
hydride gases and high temperature for a few more minutes. This may lead to InGaN
decomposition from the upper most surface.. Generally, the EDX data are consistent

with the above PL measurements:

e '

[ ; =
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3.4 InGaN/GaN Doiibl;é-hetei‘ozsfrutuctures
3.4.1 XRD, HRTEM, and SEM Results

In this section, we compare the different properties between SH and DH samples.
XRD (w-26 scan) of DH samples of different thicknesses, including 25, 50, 100, and
200 nm are shown in Fig. 3.4.1. Here, we can see additional peaks besides GaN and
main InGaN peak showing the occurrence of phase separation in the InGaN layer
(labeled in Fig. 3.4.1). Hartono et al [1] attempted to grow InN directly on GaN, which
resulted in indium droplet formation. They showed that XRD and the peak for indium

droplets were consistent with our data. It is possible that indium droplets have been
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formed in the InGaN layer.

Then, we performed HRTEM experiments on the DH samples to understand the
formation of indium droplets. The cross-section HRTEM images of DH 200 nm and the
TEM images of higher magnification of the indium droplet in DH 200nm are shown in
Fig. 3.4.2. One can observe holes in these images, which might be due to the removal of
indium droplets during TEM sample preparation. EDX was used to analyze the other
indium droplet images without holes. The cross-section HRTEM images of DH 50 nm is
shown in Fig. 3.4.3. We used EDX for four pqints (labeled 1~4). The EDX results are
shown in Table 3.4.1. Point 1 can be re_;gaxrldec{ as axindiu_m-rich area in the InGaN layer.
We find almost no indium signal ‘in poﬁntg% zind 4 of the InGaN layer. Because of that

' S AL

we have to thin the sample down 'to l.eis.s than 1 pém:gnd then milled by argon-ion gas for
several minutes. So, we guess that the indium droplet has fallen off during sample
preparation. The lighter regions in the HRTEM image of DH 50 nm (as shown in Fig.
3.4.3) can be regarded as the original indium droplets.

Next, we try to understand the distribution of indium droplets of the DH samples
of the four different InGaN thicknesses. Figures 3.4.4(a), (b), (c¢), and (d) show the
low-magnification cross-section HRTEM images of the DH samples 25, 50, 100, and

200 nm, respectively. We compare the distributions of indium droplets of the four DH

samples. We find that the density of indium droplet decreases when the thickness of the
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InGaN layer decreases. The higher magnification cross-section HRTEM images of the
DH 25 nm sample is shown in Fig. 3.4.5. One can see that there is almost no indium
droplet in this image. The TEM result of DH 25 nm is consistent with the XRD result
above (see Fig. 3.4.1).

Figures 3.4.6(a), (b), (c), and (d) show the plane-view SEM images of the DH
samples 25, 50, 100, and 200 nm, respectively. We can observe that the DH surface
roughnesses are similar to what was seen in the plane-view SEM images for the SH
samples. We also see the same results as those. qf the SH samples: when the thickness of
InGaN layer increases, the surface roughnﬂess Pexco;ne larger. This is not clearly seen for

i

50, 100, and 200 nm but is clearly seen for 25 nm in.thickness. The surface roughness of

iF

1 J-_..N

DH 25 nm dramatically decreases when comparéd to DH 50 nm.

3.4.2 PL Measurements and EDX Results
Low-temperature PL spectra of the above DH samples when the samples are
excited from the top and bottom are shown in Figs. 3.4.7(a) and (b), respectively. Here,
one can see that the major PL peaks are always in the blue range even though there is a
minor peak in the green range in the case of top excitation. These PL results are also
consistent with what was observed from RSM. We can conclude that in a DH sample,

except a middle thin layer of InGaN that is strain relaxed, most portions of the InGaN
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layer in the top and bottom are fully strained such that the indium contents are only 19
% and the emissions are in the blue range.

EDX was used to estimate indium content for matching the above PL
measurement. The direction (the red arrow) of the nine points that were measured with
EDX in DH 200 nm is shown in Fig. 3.4.8(a). The white arrow indicates the direction of
(0001) from the substrate. Then, we use the nine points to draw a diagram for the
relative indium content variation with height (as shown in Fig. 3.4.8(b)). The lowest
point along the c-axis of the InGaN layer was lgbeled by 0 nm in height. Here, we check
the EDX data and find that the indium_.co?ten;c is tI;e highest in the middle region of the

\

InGaN layer and decreases while elose to*"'?tzl'.lé:top and bottom of the InGaN layer. The

EDX data are also consistent with the.PL measure'ngents above.

3.5 Discussions

We have demonstrated the variations of strain and indium composition of an
InGaN layer in InGaN/GaN single-heterostructures and double-heterostructures based
on the RSM and PL measurements. In the SH samples, InGaN with low (bottom) and
high (top) indium contents can be identified. On the other hand, only a thin layer of
strain relaxed InGaN in the middle in a DH sample can be observed. In the SEM results,

we observe that when strain starts to relax, the surface roughness increases. The quality
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of epitaxy decreases. In the DH samples, formation of indium droplets has been
observed and confirmed based on HRTEM study. Indium droplet formation due to
phase separation will lead to poor electric property. In another HRTEM result of DH
samples, we find that as the thickness of the InGaN layer decreases, the density of
indium droplet is also decreased. Therefore, it is necessary to grow thinner InGaN
layers to avoid the formation of indium droplet. However, one layer may not be enough
for sufficient absorption for solar cell applications. In the next chapter, we will
demonstrate our measurements . of multi-__I_nGaN-layer structures. Such indium

composition distribution can be used for fabricatmg'multi-thin film solar cells.
1 il
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Fig. 3.1.1 Structures of SH and DH samples.
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Fig. 3.3.1 X-ray diffraction pattern (@w-26 scan curves) of SH samples

with four different thicknesses.
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Fig. 3.3.2(b) Cross-section HRTEM images of SH 50nm.
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Fig. 3.3.2(d) Cross-section HRTEM images of SH 200nm.
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Fig. 3.3.3(b) Plane—view SEM image of SH 50 nm.
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Fig. 3.3.3(d) Plane—view SEM image of SH 200 nm.
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Fig. 3.3.4(b) PL spectra of sample SH 200 nm with excitation from the

bottom.
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Fig. 3.3.5(b) The trend of the relative indium content of SH 200 nm.
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Fig. 3.4.2 Cross-section HRTEM images of DH 200 nm and indium

droplets.
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Fig. 3.4.3 The four points (labeled by 1~4) for EDX measurement in DH 50

nm.
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Table 3.4.1 Relative indium contents of the four points in Fig. 3.4.3 from

EDX measurement.

w
Relative 1. 2. 3. 4.

fndiunm
U 1ement\COMIERE(%)

N(K) 44.64 44.46 59.80 56.41

Ga(K) 26.41 51.10 38.78 43.29
In(L) 28.93 4.42 1.41 0.29
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Fig. 3.4.4(b) Low-magnification cross-section HRTEM images of DH 50
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Fig. 3.4.4(c) Low-magnification cross-section HRTEM images of DH 100

nm.

80



G1 plue uGaN

/ 120nm

-

InGaN

Indium 200nm
droplet
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Fig. 3.4.6(b) Plane—view SEM image of DH 50 nm.
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Fig. 3.4.6(d) Plane—view SEM image of DH 200 nm.
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Chapter 4

Comparison between InGaN/GaN
Multi-layer Samples under Different
Growth Conditions

In this chapter, we will compare the nanostructures and optical properties of two
InGaN/GaN multi-layer samples of different growth conditions (named as 10nm-5P and
8nm-6P hereafter). The main differences in structure between the two samples are the

thicknesses of the InGaN layer and GaN barrier and the number of periods.

4.1 Sample Growth'and ﬁeasurement Conditions

Both samples were grown:by métalorganic chemical vapor deposition (MOCVD).
The 10nm-5P (10nm wells, 5 periods) and 8nm-6P (8nm wells, 6 periods) samples were
prepared in the following manner. First, a 2~3 1 m undoped-GaN layer was grown on a
(0001) c-plane sapphire substrate at 1080 °C. Then, the multi-layer wells were grown.
The InGaN wells of the 10nm-5P (8§nm-6P) samples were grown at 675 °C. The growth
temperature was then ramped to 800 °C for depositing GaN barriers of 15 nm (20 nm)
in thickness. A 15 nm (20 nm) GaN caplayer was deposited at 800 °C after the
multi-layer wells . The detailed structures of these two samples are shown in Fig. 4.1.1.

Temperature-dependent PL measurements for the effective band gaps of these two
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samples by using a 35mW He-Cd (325 nm) laser for excitation were performed.
HRTEM measurements under two-beam condition were performed to observe the
indium distribution within the InGaN wells of these two samples. EDX was measured to
obtain the elemental distribution in the horizontal and vertical direction in each InGaN
layer. Strain state analysis (SSA) results provide more local information about a well,

such as average indium content and indium composition fluctuation.

4.2 PL and HRTEM. Results

Low-temperature PL spectra of the 10nm-5P"and 8nm-6P samples from 13 to 300

K are shown in Figs. 4.2.1(a) and ,(p).;%-éi).ectively. The PL intensities drop with
- | '3 || Yo

increasing temperature due to the 'inc.:}e.asing calf)tu;e probability of carriers by defects.
The 10nm-5P sample shows a broad peak centered around 535 nm with no distinct
individual peaks within. One can clearly observe two spectral peaks in the 8nm-6P
sample. The long-wavelength spectral peak location of the 8nm-6P sample was also
centered around 535 nm. The short-wavelength spectral peak red-shifts from 442 nm to
458 nm as the temperature rises from 30 to 300K for the 8nm-6P sample.

HRTEM images are needed for understanding the indium distributions among

the InGaN well layers to see the nano-structure differences leading to the variations in

the PL spectras. Low-magnification cross-section HRTEM images of the 10nm-5P and
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8nm-6P samples are shown in Fig. 4.2.2. Here, we can see the general structures of the
two samples, including the InGaN well and GaN barrier. The white arrow indicates the
direction of (0001) from the substrate. The G1 glue can be seen at the very top. In
general, the variations of the contrast in the HRTEM images represent the indium
composition fluctuations. HRTEM images of higher magnification of the first through
fifth wells from the bottom of the 8nm-6P and 10nm-5P samples are shown in Figs.
4.2.3(a) and (b) through 4.2.7(a) and (b), respectively. One can observe nano-scale
clusters in these images. We notice that the bo_t_tom well of the 8nm-6P sample have the
best quality. Then, we compare;the 1nd1um (}is_tril;utions within the five InGaN wells.
We find that the indium distributien ,i§ rﬂ::(’;fé ﬁniform and the interfaces between the

InGaN wells and GaN barriers are clearendn thé: ‘8nm-6P sample, when compared with

the 10nm-5P sample.

4.3 EDX and SSA Results

EDX is used to estimate indium distribution in the horizontal and vertical
directions of each InGaN layer. The indium distribution of the horizontal (red arrow)
and vertical directions (yellow arrow) measured by EDX in 10nm-5P and 8nm-6P
samples are shown in Figs. 4.3.1(a) and (b), respectively. The white arrow indicates the

direction of (0001) from the substrate. The data at these points are used to draw a
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diagram for comparing the relative indium contents as functions of distance. The trend
of the relative indium content along the horizontal direction in each InGaN layer of the
10nm-5P and 8nm-6P samples are shown in Figs. 4.3.2(a) and (b), respectively. The
nearest left point along the arrow of the InGaN layer is labeled as 0 nm in distance.
Then, we average the relative indium contents at these points along the horizontal
direction of each layer to obtain the average indium content of each InGaN layer. The
variation of the average indium content along the vertical direction of the 10nm-5P and
8nm-6P samples are shown in Figs.4.3.3(a) a_nd (b),.respectively. We also calculate the

standard deviation at these points in‘each point array,(as,shown in Figs. 4.3.2 and 4.3.3).

Y

In the horizontal direction, we find. that the indium.€omposition fluctuation is stronger

. :._..(D

in the 10nm-5P sample, when 'ébm;i)ared Witlll' the. 8nm-6P sample. In the vertical
direction, we find that the 8nm-6P sample has a more uniform indium composition in
each layer, when compared with the 10nm-5P sample.

For more detail investigation, we used a package program called the DALI
(Digital Analysis of Lattice Images) to analyze the two-beam images of the InGaN
layers and obtain the SSA images for the composition mapping of the InGaN layers.
SSA can exclude some uncertain factors, such as thickness, defocus, and strain
relaxation. In such SSA images, the deep blue color represents GaN and the red color

corresponds to a d value larger than 1.1 or indium content higher than 21 %. The five
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InGaN layers of the 10nm-5P sample are shown in Figs. 4.3.4(a) through (e). The color
coding for various d-factor values are shown below the image in Fig. 4.3.4(a). In this
image, one can see that the layer shape can still be identified although a cluster exists
and indium atoms out-diffuse into the upper barrier. The horizontal and vertical
line-scan profiles show that the local indium composition inside the cluster can be as
large as 23.1%. The six InGaN layers of the 8nm-6P sample are shown in Figs. 4.3.5(a)
through 4.3.5(f). As indicated with the line-scan results, the relatively constant indium
content and more uniform indium distribution_s_ i each InGaN well of the 8nm-6P can
also be seen in these SSA images;

We calculate the crest-to—valleyll Vfa’;{lé .in each well of samples 10nm-5P and

_ B0 L

8nm-6P. From the results, one 'fc'an. is.ee the \Iiar__i;ation trend of indium composition
fluctuation range (crest-to-valley). The fifth and sixth wells from the bottom in samples
10nm-5P and 8nm-6P have the largest composition fluctuation ranges, respectively.
Other variation trends were shown in Table 4.3.1. We also evaluate the average indium
content of each well in samples 10nm-5P and 8nm-6P by integrating the indium
composition distribution in an SSA image and dividing by the designated InGaN well
area. We assume that all the indium atoms distributed around a well in an SSA image

belong to the InGaN well. The results of the average indium contents of those wells are

listed in Table 4.3.2. These results are consistent with the EDX data.
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4.4 Discussions

We have demonstrated the effective band gaps and indium distributions of
InGaN/GaN multi-layers with different structures based on PL and HRTEM
measurements. In HRTEM results, we found that the indium distribution was more
uniform and the interfaces between InGaN wells and GaN barriers were clearer in the
sample 8nm-6P, when compared with sample 10nm-5P. This might be why PL result
did not show clear peaks in the sample 10nm-5P. PL measurement clearly showed two
spectral peaks in the sample 8nm-6P. Thase res,_ults implied higher optical quality in the

sample 8nm-6P than in the sample 10nm-5P. In the'other measurements, EDX and SSA

e

results both showed that the sampl,el f@tﬁ-SP had_ a larger indium composition
. | ._ >
fluctuation than the sample 8nm-=6P. | {
Based on the data and discussions above, one can conclude that the structure of
the sample 8nm-6P has a better crystal quality when compared with the sample

10nm-5P. The only growth difference was that sample 8nm-6P had a thinner InGaN

layer and thicker GaN barrier.
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InGaN/GaN Multi-layer

10nm-5P Snm-6P

Y | SxInGalN (675°C) [Gall (800°C)
(well=10nm batrier=15nm)

/4

|| 6xInGalN (673°C) /GalV (800°C)
/ (well=8nm barrier=20nm)

uGaN — uGN(08°C)2um  —» uGaN

- - £ !
| ” %4 -

AL, (0001) - ~ c-ALD, (0001)

Fig. 4.1.1 Structures of InGaN/GaN multi-layer samples (10nm-5P and
8nm-6P).
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Fig. 4.2.1(b) PL spectra of sample 8nm-6P.
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Fig. 4.2.2 Low-magnification cross-section HRTEM images of 10nm-5P

and 8nm-6P.

95



(a)

(b)
Fig. 4.2.3(a) and (b) HRTEM image of sample 8nm-6P and 10nm-5P,
respectively (the first well from the bottom).
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Fig. 4.2.4(a) and (b) HRTEM image of sample 8nm-6P and 10nm-5P,
respectively (the second well from the bottom).

97



~
<
N

(b)

Fig. 4.2.5(a) and (b) HRTEM image of sample 8nm-6P and 10nm-5P,

respectively (the third well from the bottom).
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(2)

(b)
Fig. 4.2.6(a) and (b) HRTEM image of sample 8nm-6P and 10nm-5P,
respectively (the fourth well from the bottom).
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(a)

(b)
Fig. 4.2.7(a) and (b) HRTEM image of sample 8nm-6P and 10nm-5P,
respectively (the fifth well from the bottom).
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The distance between
each pomt ; ~10nm

Fig. 4.3.1(a) The indium distribution of horizontal (red arrow) and vertical

direction (yellow arrow) as measured by EDX in 10nm-5P.
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Fig. 4.3.1(b) The indium distribution of horizontal (red arrow) and vertical

direction (yellow arrow) as measured by EDX in 8nm-6P.
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Fig. 4.3.2(a) Trend of the relative indium content along the horizontal

direction in each InGaN layer of 10nm-5P.
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Fig. 4.3.2(b) Trend of the relative indium content along the horizontal

direction in each InGaN layer of 8nm-6P.
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Fig. 4.3.3(a) Trend of the average indium content along the vertical
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Fig. 4.3.3(b) Trend of the average indium content along the vertical

direction of 8nm-6P.
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Fig. 4.3.4(d) An SSA image of 10nm-5P (the fourth well from the bottom).
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Fig. 4.3.4(e) An SSA image of 10nm-5P (the fifth well from the bottom).

108



1.2

1.1

I'1

01
1

0% 35% 7% 105% 14% 175% >21% |
1.00 1.016 1. >1.100 |

033 1.050 1.066 1.082 |
Fig. 4.3.5(a) An SSA gﬁ% of -q’PTthe '@S well from the bottom).
NE DR

1.2
1.1
- B
AN
)

[— 0% 35% 7% 105% 14% 175% 2>21% .
de/doss| 100 1016 1033 1050 1056 1.083 >1.100

Fig. 4.3.5(b) An SSA image of 8nm-6P (the second well from the bottom).
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Fig. 4.3.5(f) An SSA image of 8nm-6P (the sixth well from the bottom).
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Table 4.3.1 Indium composition fluctuation range (crest-to-valley) of the

wells in the 10nm-5P and 8nm-6P samples.

Layer

Crest-to-valley value
Sample Ax (%)

10nm-5P 1402 | 1832 | 1524 | 1538 | 2041

8nm-6P 105 | 1307 | 1468 | 1457 | 177 | 21.93

Table 4.3.2 Calibrated average indium contents of the wells in the 10nm-5P

and 8nm-6P samples.

Layer

Average indium 1 2 3 4 5 6

contents
Sumple . x,(%9)

10nm-5P 1008 | 1023 | 16.03 | 1629 | 1292

Snm-6P 1252 | 1208 | 12.14 | 1198 | 11.80 | 11.83
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Chapter 5
Conclusions

In the first part of this research, we applied HRTEM and SEM techniques to study
the nanostructures of two series samples including single-heterostructures (SH) and
double-heterostructures (DH). HRTEM results showed formations of indium droplets
depicting a trend where the density of indium droplets decreased as the InGaN thickness
decreased. In addition, SEM results showed tha_t as the strain started to relax the surface
roughness of these samples rose. RSM ?nd _fPL rﬁeasu_rements also demonstrated the
variations of strain and indium compg&gzm of an In_GaN layer in these two series
samples. In the SH samples, InGaN w1th low (Bot_‘gorﬁ) and high (top) indium contents
can be identified. On the other hand, only a thin layer of relaxed InGaN in the middle of
the DH samples can be observed. The indium composition trend, as measured by EDX,
is consistent with the PL results. Owing to the above properties and sufficient
absorption for solar cell applications, one can conclude that it is necessary to grow
thinner and multiple InGaN layers.

The second part of this research compared the nanostructures of two InGaN/GaN

multi-layers of different structures. PL measurements showed that the 10nm-5P sample

only displayed a broad spectrum, whereas the 8nm-6P sample clearly showed two
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spectral peaks. This result implied a better optical quality in the 8nm-6P sample than in
the 10nm-5P sample. From the cross-section HRTEM images, one can see that the
indium distribution was more uniform and the interfaces between the InGaN wells and
GaN barriers were clearer in the 8nm-6P sample than in the 10nm-5P sample. The SSA
calibrated average indium contents and indium composition fluctuation, which gave us
local information about the two samples. Based on the SSA results, we find that the
10nm-5P sample has a larger indium composition fluctuation than the 8nm-6P sample.
The EDX results are consistent with the SSA._ results. We concluded that the 8nm-6P

sample (thinner InGaN thickness and thicker GaN"bartier) generally had better crystal

| E:.‘—;___L_‘. 11

&
'8

| | |

quality than the 10nm-5P sample.
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